We have made an ab initio three-loop quark model calculation of the W -exchange contribution to the nonleptonic two-body decays of the doubly charmed baryons Ξ ++ cc and Ω + cc . The W -exchange contributions appear in addition to the factorizable tree graph contributions and are not suppressed in general. We make use of the covariant confined quark model previously developed by us to calculate the tree graph as well as the W -exchange contribution. We calculate helicity amplitudes and quantitatively compare the tree graph and W -exchange contributions. Finally, we compare the calculated decay widths with those from other theoretical approaches when they are available.
I Introduction
The discovery of the double charm baryon state Ξ ++ cc by the LHCb Collaboration [1] in the multibody decay mode (Λ c K − π + π + ) has provided a strong incentive for further theoretical analysis of the weak decays of double charm baryons. The lifetime of the Ξ ++ cc has been measured to be (0.256
+0.024
−0.022 (stat) ± 0.014(syst)) ps [2] . The existence of the Ξ ++ cc was confirmed in Ref. [3] , again by the LHCb Collaboration, who reported on the first observation of a two-body nonleptonic decay of the doubly charmed baryon Ξ ++ cc → Ξ + c + π + . In the same report the mass of the Ξ ++ cc measured in [1] was confirmed. The nonleptonic two-body decays of baryons have five different color-flavor quark topologies. The set of contributing topological quark diagrams divides into two groups: (i) the reducible tree-diagrams, and (ii) the irreducible Wexchange diagrams. The tree-diagrams are factorized into the lepton decay of the emitted meson and the baryonbaryon transition matrix elements of the weak currents. The W -exchange diagrams are more difficult to evaluate from first principles. First attempts to estimate the W -exchange contributions have been made in [4, 5] using a pole model approach and in [6] using final state interactions based on triangle diagrams describing one-particle exchanges. The authors of [4, 5] and [6] emphasize that their results provide only first estimates of the W -exchange contributions, in particular since their calculations involve generous approximations the errors of which are hard to quantify.
From the work of [4, 5] one knows that the W -exchange contributions to nonleptonic double charm baryon decays are sizeable and cannot be neglected. The W -exchange contributions can interfere destructively or constructively with the tree diagram contributions. It is therefore of utmost importance to get the W -exchange contributions right. In this paper we set out to calculate the W -exchange contributions to the Cabibbo favored nonleptonic two-body decays of double charm baryons. We use the framework of our previously developed covariant constituent quark model to calculate the contributing three-loop quark Feynman diagrams. In a precursor of our present model some of us have calculated nonleptonic charm and bottom baryons including W -exchange contributions [7] . We used a structureless static approximation for the light quark (u, d, s) propagators and the leading-order contribution for the heavy quark (c, b) propagators in the 1/m c/b expansion. In the present calculation we use full quark propagators for the light and heavy quarks. We also now include quark confinement in an effective way.
II Decay topologies of Cabibbo favored doubly charmed baryon nonleptonic decays
We begin by a discussion of the different color-flavor topologies that contribute to the nonleptonic two-body transitions of the double heavy Ξ cc and Ω cc states. The relevant topologies are displayed in Fig. 1 . We refer to the topologies of Ia and Ib as tree diagrams. They are also sometimes called external (Ia) and internal W -emission (Ib) diagrams. The topologies IIa, IIb, and III are referred to as W -exchange diagrams. The labeling of the topologies follows the labeling introduced in [8, 9] . In [10] the W -exchange diagrams are denoted as the exchange (IIa), color-commensurate (IIb) and bow tie (III) diagram. The contribution of the various topological diagrams to a particular decay is determined by the quark flavor composition of the particles involved in the decay. For example, the decay Ξ
proceeds solely via the tree diagram Ib. In [11, 12] this decay has been interpreted as making up a large part of the discovery final state channel (Λ Fig. 1 , the color-flavor factor of the tree diagrams Ia and Ib depend on whether the emitted meson is charged or neutral. For charged emission the color-flavor factor is given by the combination of the Wilson coefficients (C 2 + ξC 1 ), where ξ = 1/N c and N c is the number of colors, while for neutral emission the color-flavor factor reads (C 1 + ξC 2 ). We take C 1 = −0.51 and C 2 = 1.20 at µ = m c = 1.3 GeV from Ref. [13] . We use the large N c limit for the color-flavor factors. For the W -exchange diagrams the color-flavor factor is given by (C 2 − C 1 ).
Ib
IIa
Flavor-color topologies of nonleptonic weak decays.
The decay of present interest Ξ
is fed by the tree diagram Ia and the W -exchange diagram IIb. We treat this decay as well as the seven remaining 1/2 + → 1/2 + + P (V ) decays that belong to the same topology class, namely
The W -exchange contributions to these decays fall into two classes. The first class of these decays involves a Ξ ′+ cbaryon containing a symmetric {us} diquark described by the interpolating current ε abc (u b Cγ µ s c ), where C = γ 0 γ 2 is the charge conjugation matrix defined in terms of the Dirac matrices. The W -exchange contribution is strongly suppressed due to the Körner, Pati, Woo (KPW) theorem [14, 15] . This theorem states that the contraction of the flavor antisymmetric current-current operator with a flavor symmetric final state configuration is zero in the SU (3) limit. The antisymmetric [us] diquark emerging from the weak vertex is in the 3 * representation and cannot evolve into the 6 representation of the symmetric final state {us} diquark. In the following we will calculate SU (3) breaking effects for the W -exchange contributions to this class of decays. The second class involves a Ξ + c -baryon containing a antisymmetric [us] diquark described by the interpolating current ε abc (u b Cγ 5 s c ). In this case the W -exchange contribution is not a priori suppressed. In Table I we display the quantum numbers, mass values, and interpolating currents of double and single charmed baryons needed in this paper. 
III Matrix elements and decay widths
The effective Hamiltonian describing thesc →ūd transition is given by
where we use the notation
for the weak matrices with left/right chirality. The nonlocal version of the interpolating currents shown in Table I reads
m j ) and m i is the quark mass at the space-time point x i , and Γ 1 , Γ 2 are the Dirac strings of the initial and final baryon states as specified in Table I . Here F B and Φ B are the Bethe-Salpeter kernel specifying the coupling of baryon with constituent quarks and correlation function, describing the distribution of quarks in baryon, respectively. The tree diagram and the IIb W -exchange contributions to the matrix element of the nonleptonic decays of the Ξ ++ cc and Ω
The tree diagram color factor for the neutral Ω + cc decays is given by C T = −(C 1 + ξC 2 ) and by C T = +(C 2 + ξC 1 ) for the charged Ξ + cc decays. The factor of ξ = 1/N c is set to zero in our numerical calculations. The overall factor of 12 in Eq. (4) has its origin in a combinatorial factor of 2 and a factor of 6 from the contraction of two Levi-Civita color tensors. The Feynman diagrams describing these processes are depicted in Fig. 2 .
Pictorial representations of Eqs. (5) and (6).
The contribution from the tree diagram factorizes into two pieces according to
Here Γ 1 ⊗ Γ 2 = +I ⊗ γ 5 for the Ξ The coupling constants g M , g B1 and g B2 are determined as described in our previous papers (for details see, e.g. [11, 16] ). The Dirac matrix Γ M in M 
The minus sign in front of f P appears because the momentum q flows in the opposite direction from the decay of P -meson. The Fourier-transforms of the vertex functions described by the nonlocal interpolating currents are denoted by Φ H . We use for them the Gaussian functional form:
, where Λ H is the hadron size parameter. Here and in the following the arguments of the baryonic vertex functions are expressed through the Jacobi momenta (q 1 , q 2 ) and (r 1 , r 2 ) by Ω
The momenta q i and r i are defined from momenta conservation in each vertex of the diagrams (see details in Ref. [11, 16] ).
The calculation of the three-loop W -exchange contribution is much more involved because the matrix element does not factorize. By using the Fierz transformation
where
is the Jacobi momentum in the meson vertex function.
We are now in the position to verify the KPW theorem in our three-loop calculation. To do this, we change the order of Dirac matrices in the trace by using the properties of the charge conjugation matrix. Keeping in mind that γ 5 does not contribute to the trace, we have
We insert Eq. (7) into Eq. (6) and shift the integration variable
goes into itself under this transformation accompanied by an interchange of the u− and s− quark masses. Thus, if m u = m s then M W is identical zero which directly confirms the KPW-theorem. We have checked numerically that the three-loop integral vanishes in this limit. Details of the calculation of the loop integrals and the subsequent reduction of the integration over Fock-Schwinger variables to an integration over a hypercube may be found in our previous papers (see e.g. the most recent papers [11, 16] ). Compared to the two-loop calculation of [11, 16] ) we are now dealing with a three-loop calculation involving six quark propagators instead of the four propagators in the two-loop case. The calculation is quite time-consuming both analytically and numerically.
Next one expands the transition amplitudes in terms of invariant amplitudes. One has
The invariant amplitudes are converted to a set of helicity amplitudes H λ1 λM as described in [8] . One has
where 3 . The numerical results on the helicity amplitudes given in Tables II-V  are in units of GeV 3 . The two-body decay widths read
where we denote the sum of the squared moduli of the helicity amplitudes H = H V − H A by H S and H V [16] .
IV Numerical results
All model parameters have been fixed in our previous studies except for the size parameter Λ cc of the double charmed baryons. As a first approximation we equate the size parameter of double charm baryons with that of single charm baryons, i.e. we take Λ cc = Λ c = 0.8675 GeV where we adopt the value of Λ c from [17] . Numerical results for the helicity amplitudes and decay widths are displayed in the Tables II-V. In this paper we concentrate on our predictions for rate values. On top of the rate predictions, Tables II-V Note that the W -exchange contribution in [4] is purely p-wave, i.e. proportional to H A 1/2 0 , due to the nonrelativistic approximations that they employ. This is in stark contrast to our relativistic result where the s-wave amplitude dominates in this process, i.e. H Our results highlight the importance of the KPW theorem for the nonleptonic decays when the final state involves a Ξ ′+ baryon containing a symmetric {su} diquark. Tables II-V show that the relevant W -exchange contributions are strongly suppressed. Nonzero values result from SU (3) breaking effects which are accounted for in our approach. Take for example the decay Ξ
When compared to the tree contribution the SU (3) breaking effects amount to ∼ (2 − 4) %. While the consequences of the KPW theorem for the W -exchange contribution are incorporated in the pole model approach of [4] they are not included in the final-state interaction approach of [6] .
In Table VI we compare our rate results with the results of some other approaches [4-6, 12, 18, 19] . Note that the rates calculated in [18] include tree graph contributions only. There is a wide spread in the rate values predicted by the various model calculations. All calculations approximately agree on the rate of the decay Ξ
+ which is predicted to have a large branching ratio of ∼ 16 %. In our calculation this mode is predicted to have by far the largest branching ratio of the decays analyzed in this paper. As concerns the decay Ξ 28 % calculated in [11] . We predict a branching ratio considerably smaller than the range of branching fractions (6.66 − 15.79) % calculated in [4] .
An important issue is the accuracy of our results. The only free parameter in our approach is the size parameter Λ cc of the double heavy baryons for which we have chosen Λ cc = 0.8675 GeV in Tables II-V. In order to estimate the uncertainty caused by the choice of the size parameter we allow the size parameter to vary from 0.6 to 1.135 GeV. We evaluate the meanΓ = Γ i /N and the mean square deviation σ 2 = (Γ i −Γ) 2 /N . The results for N = 5 are shown in Table VII . The rate errors amount to 6 − 15%. Since the dependence of the rates on Λ cc is nonlinear the central values of the rates in Table VII do not agree with the rate values in Tables II-V. 
V Outlook
We now have the tools at hand to calculate all Cabibbo favored and Cabibbo suppressed nonleptonic two-body decays of the double charm ground state baryons Ξ + baryons Σ * + and Ξ * 0 would be forbidden due to the KPW theorem. It would be interesting to check on this prediction of the quark model. 
